ABSTRACT-Cracks in shafts have long been identified as factors limiting the safe and reliable operation of turbomachines. They can sometimes result in catastrophic failure of equipment (rotor bursts) and, more often, in costly process upsets, repairs and premature scrapping and replacement of equipment. Cracked shafts still pose a significant and real threat to equipment in spite of the great advances made in the areas of metallurgy, manufacturing and design. In the past two decades, much research and many resources have gone into developing various on-line and off-line diagnostic techniques to effectively detect cracks before they cause serious damage. Because of the enormous amount of ongoing research in this area (more than 500 technical papers have been published in English alone in the past 30 years), there is a real need to periodically condense and summarize the information. This paper reviews literature on cracked shaft detection and diagnostics published after 1990.
Introduction
Shafts are amongst components subjected to perhaps the most arduous working conditions in high-performance rotating equipment used in process and utility plants such as high-speed compressors, steam and gas turbines, generators, pumps, etc. Although usually quite robust and well designed, shafts in operation are sometimes susceptible to serious defects that develop without much apparent warning. They are prime candidates for fatigue cracks because of the rapidly fluctuating nature of bending stresses, the presence of numerous stress raisers and possible design or manufacturing flaws. Cracks are defined as any unintentional discontinuities in the shaft material. Wide variations in temperature and environment during operation also contribute to conditions conducive to eventual fatigue failure. Consequences of total shaft failure can be catastrophic with enormous costs in down time, consequential damage to equipment and potential injury to personnel. Total failure occurs when the specimen has completely fractured into two or more parts. A flaw or defect, in contrast, can arbitrarily be defined as any characteristic that renders a component less suitable for the intended use. Safe and reliable operation of equipment relies on proactive maintenance aided by newly emerging diagnostic technologies. Operators and maintenance personnel of critical plant machinery are particularly interested in early detection of symptoms that can lead to in-service failure of shafts.
In ductile materials, such as low/medium-alloy steels used for turbomachine shafts, cracks are initiated as tiny discontinuities that grow in size when the component is subjected to cyclic stresses. It is important to detect them before they reach the critical size and cause total failure of the shaft. The next section deals with the types and causes of rotor cracks and also the fundamentals of crack propagation. This is followed by a review of literature published in English since 1990 on crack detection and severity estimation in shafts. Some classical papers are also reviewed for their enduring contribution. Those interested in a study of literature not included here are referred to the excellent review papers by Dimarogonas (1996) , Gasch (1993) and Wauer (1990) .
• thermal stresses; • metallurgical conditions, such as the presence of hydrogen in steel, elevated ductile-brittle transition temperature (DBTT), carbide precipitation in alloy steels; • environmental conditions such as the presence of a corrosive medium.
Failure. Failure occurs when the material that has not been affected by the crack cannot withstand the applied loads. The actual failure of the material can be in a brittle or ductile manner, depending on the prevailing conditions. Failure occurs very rapidly once the crack(s) reaches a critical size.
Based on their geometries, cracks can be broadly classified as follows.
• Cracks perpendicular to the shaft axis are known as "transverse" cracks. These are the most common and most serious as they reduce the cross-section and thereby weaken the rotor. Most past and current research focuses on the detection of such cracks. They introduce a local flexibility in the stiffness of the shaft due to strain energy concentration in the vicinity of the crack tip.
• Cracks parallel to the shaft axis are known as "longitudinal" cracks.
• "Slant" cracks (cracks at an angle to the shaft axis) are also encountered, but not very frequently. Slant cracks influence the torsional behavior of the rotor in a manner quite similar to the effect of transverse cracks on the lateral behavior. Their effect on lateral vibrations is less than that of transverse cracks of comparable severity. See Ichimonji et al. (1994) and Sekhar (1999) .
• Cracks that open when the affected part of the material is subjected to tensile stresses and close when the stress is reversed are known as "breathing" cracks. The stiffness of the component is most influenced when under tension. The "breathing" of the crack results in non-linearities in the vibrational behavior of the rotor. Shaft cracks breathe when crack sizes are small, running speeds are low and radial forces are large (see Sekhar and Prabhu (1998) ). Most theoretical research efforts are concentrated on "transverse breathing" cracks due to their direct practical relevance.
• Cracks that always remain open are known as "gaping" cracks. They are more correctly called "notches". Gaping cracks are easy to mimic in a laboratory environment and hence most experimental work is focused on this particular crack type.
• Cracks that open on the surface are called "surface" cracks. They can normally be detected by techniques such as dye-penetrant, or visual inspection.
• Cracks that do not show on the surface are called "subsurface" cracks. Special techniques such as ultrasonic, magnetic particle, radiography or shaft voltage drop are needed to detect them. Surface cracks have a greater effect than subsurface cracks on the vibrational behavior of shafts (see Subbiah et al., 2002) .
Recent Cases of Cracked Shafts in Turbomachines
Several cases of large and small steam turbines and generators with cracked shafts are well documented from as early as the late 1970s. Although clear statistics are not available as to the exact damage caused by cracked shafts, the Electric Power Research Institute (EPRI; http://www. epri.com) estimates direct and indirect losses (repair, replacement and loss of revenue) at around US $1 billon in the conventional and nuclear power industry alone. Cases range from catastrophic and spectacular rotor bursts to detection of cracks at a much earlier stage, resulting in repair or retirement of the rotor. More recently, gas turbines, centrifugal and axial compressors, nuclear pumps, and boiler feed pumps have joined the list of turbomachines affected by shaft cracks (Kowal and O'Brien, 1989; Allen and Bohanick, 1990; Brose and Jirinec, 1992; Sanderson, 1992; Franklin et al., 1997; Eisenmann, 2000; Jenkins, 1985) . Gandy and Viswanathan (2001) address the issues of weld repair and subsequent anti-crack treatment of cracked rotors. Several original equipment manufacturers (OEMs) have adopted special rotor designs and start-up procedures to minimize the possibility of shaft cracking in large steam turbines (see Leyzerovich, 1997) .
Literature Survey/Review
The reviewed literature is broadly grouped into three categories: (1) vibration-based methods; (2) modal testing; (3) non-traditional methods. A basis for classifying the literature is presented prior to the actual review.
Vibration-Based Methods
A significant portion of the published literature on crack detection and diagnostics focuses on the vibration-based method (VBM) technique. This can be further subclassified into signal-based and model-based methods. Signal-based methods employ commonly used vibration monitoring equipment (such as proximity probes, phase reference and spectrum analyzers) with or without additional systems, such as torsional vibration measurement, etc. Steady-state and/or transient vibration data are analyzed for known indicators of cracks. Model-based methods are based on analytical or numerical models to simulate the behavior of cracked shafts during operation and attempts to correlate the observed vibration signature with the presence of a crack at discrete locations on the shaft.
Several works (Bently and Muszynska, 1986a; Allen and Bohanick, 1990; Eisenmann, 2000) have been published by researchers on case histories of detection of shaft cracks using signal-based methods. In several cases, fretting corrosion, misalignment and heavy side loads have been identified as the causes for shaft cracks in compressors, generators, gears and nuclear coolant pumps. With regards to the VBM technique for crack detection, Bently and Muszynska (1986a) are of the opinion that changes in shaft position and steadily increasing 1x component trends at steady state are reliable indicators. Bearing housing measurements are not as reliable as direct shaft measurements. Although several other researchers have found the 2x component to be a good indicator of shaft cracks, Werner (1993) is also of the opinion that the trend of the 1x component is a better indicator. The 2x component in the signature of a cracked shaft is primarily because of the local asymmetric shaft stiffness (due to a crack) and the presence of radial loads. The 2x component is too sensitive to other factors such as side loads, misalign-ment, support system asymmetry, etc., to be a reliable indicator of shaft cracks.
Several other authors recommend observing the shaft 2x component. Saavedra and Cuitino (2002) present a theoretical and experimental analysis to demonstrate that the 2x component of vibration for horizontal shafts at half the first critical speed value is a good indicator. Based on their study of fracture mechanics, Lazzeri et al. (1992) also suggest that monitoring the 2x component during the operation of a machine helps to identify cracks. It is also mentioned that observing the 2x component during start-up/coast-down is more useful than during steady-state operation (Bently and Muszynska, 1986b) . Sanderson (1992) describes the detection of a propagating crack in a 935 MW turbo-generator in a nuclear plant soon after commissioning. The depth of the crack reached 25% of the shaft diameter before its presence could be confirmed and the machine was taken out of service. Factors that helped identify the crack were as follows: (a) a large and steadily increasing 1x component due to shaft crack induced unbalance, the temperature gradient within the rotor was quite large from bore to surface, and the crack distorted the distribution of thermal stresses, which resulted in bending of the shaft; (b) a small reduction in generator first and second critical speeds observed during run up; (c) large 2x component at half the generator first critical speed; (d) split first critical speed due to asymmetry in the normally symmetrical rotor (four-pole generator). Muszynska et al. (1992) state that torsional vibrations are excited even by purely radial forces, such as unbalance and misalignment in the case of cracked shafts. Thus, monitoring the torsional vibrations in many horizontal and vertical machines, when 8x, 6x, 4x etc. of speeds correspond to the lowest torsional frequency, can help to detect cracks. Torsional vibrations are seldom monitored in turbomachinery for a variety of reasons including the complexity involved and the prevalent idea in the industry that they are not of great importance. The authors also feel that, with improvements in transducer and signal conditioning technology, torsional vibration monitoring of turbomachines will increase in application. Dorfman and Trubelja (1999) exhaustively cover the subject of torsional vibrations in steam turbines and turbo-generators and its application in crack detection. They address the instrumentation, data acquisition and signal processing aspects of monitoring torsional vibrations. They also cover the common problems encountered during the above steps and their remedies. Ishida et al. (1995) suggest an alternative indicator for detecting cracks in rotors operating in the transcritical and supercritical ranges. Instead of monitoring 1x or 2x components, they suggest that, in the 2ω c /3 to 2ω c range, the 1/2x, 3/2x and 9/2x components should be monitored as they are most sensitive to cracks (where ω c is the critical speed of the rotor). Gasch and Liao (1996) have patented an orbit-based method of crack detection. The shaft vibration signal is decomposed into forward and backward orbits of 1x, 2x and 3x frequencies. The inventors are of the opinion that continuous monitoring of the backward harmonics, especially during transients, can reveal the presence of cracks. Experimental verification of the above method is demonstrated on a variable crack depth rig in Liao and Gasch (1992) . Plaut et al. (1994) investigate the transient behavior of a cracked shaft during constant acceleration or deceleration past a critical speed. Both breathing and gaping cracks are studied. The effects of acceleration rates, crack depth and location, eccentricity, etc., are considered. They conclude that the response is minimized by rapid acceleration or deceleration through the critical speed zone and the response increases with an increase in crack depth. They also observe that the maximum transient response is very sensitive to the position of the unbalance vis-à-vis the crack. This phenomenon is applied to crack detection by Kavarana and Kirk (1995) . They constructed a test rig wherein known unbalance weights are placed at different angles with respect to a crack and the response is measured. It is observed that the response is highest when the unbalance leads the crack by 90°. Based on analytical studies on a Laval rotor with a small transverse breathing crack, Sekhar and Prabhu (1998) state that during run-up, the vibration response of a cracked rotor is maximum when the angle between the crack and the unbalance is 0° or 180°. They studied the effects of acceleration rate, crack depth and position of unbalance on the vibrational behavior of a cracked rotor during run up. Additionally, they are of the opinion that the increase in the 1/2 and 1/3 critical response is a reliable indicator of cracks.
Several researchers have presented their work on modelbased methods. Bachschmid et al. (2000a Bachschmid et al. ( , 2000b ) present a robust method for detecting the position and the depth of cracks on rotors. A model-based diagnostic approach and a least-squares identification method in the frequency domain are used for the crack localization along the rotor. The crack depth is calculated by comparing the static bending moment due to the rotor weight and the bearing alignment conditions, to the identified "equivalent" periodical bending moment, which simulates the crack. Goldman et al. (1999) analyzed numerically the dynamic response of a Jeffcott rotor with small cracks, and they drew several conclusions. Cracks can be detected by observing the non-synchronous response for running to first critical speed ratios of a half, a third and a quarter. Additionally, rotor cracks cause backward whirl at all frequencies (1x, 2x, 3x, 4x, etc.) and each component is elliptical in shape. The ellipticity of response orbits and variations in phase angle of responses of a cracked rotor with respect to the non-cracked one, especially in the direction of gravity, increases with crack depth. However, in the supercritical range, these particular components are relatively insignificant. The authors state that all the above rules are only valid in the stable operating region for small vibrations. Guo et al. (2003) have applied the finite element method (FEM) to study the influence of cracks on all three types of shaft vibrations: torsional, axial and lateral. A full 12 × 12 stiffness matrix is considered for the crack. They state that torsional vibrations by themselves are not the most reliable indicators of shaft cracks because of their relatively small magnitudes. Instead, the presence of strong 1x axial vibrations on the application of purely radial excitations is a better indicator of cracking. Breathing cracks additionally produce 2x and 3x components in the lateral vibrations. Mohiuddin and Khulief (2002) present yet another FEM-based crack detection scheme. Mathematical models of the rotor are evolved and the equations of motion are solved using various techniques (reduced-order modal transformations, Hamilton, etc.). Park (1996) discusses a non-linear state observer designed to detect cracks in shafts. Using the elementary observer, an estimator (observer) bank is established and arranged at certain locations on the shaft. When a crack is detected at a particular location, the depth estimation procedure is applied. Ostachowicz and Krawczuk (1992) present a mathematical model for the stiffness of a section of shaft containing a gaping transverse crack. They derive a 5 × 5 flexibility matrix. The stiffness matrix is derived from fracture mechanics using stress intensity factors due to the crack, and it can be seen that the stiffness matrix has coupled terms. Hence it can be concluded that torsional and bending vibrations are coupled. The mass matrix is assumed to be unaffected by the crack. This element can be used in the FE analysis of rotors of any complexity and the behavior can be predicted at any location and any speed. Ratan et al. (1996) define a vector quantity, called the "residue" (see Baruh and Ratan, 1993 , for additional details pertaining to the residue), which is calculated from the measured vibration response of a rotor and the modeled system matrices. A non-zero value of the quantity at any section indicates the presence of a crack. This method was shown to be capable of detecting and locating cracks as small as 4% of the shaft diameter. Yang et al. (2001) study the dynamic characteristics of cracked shaft in the subcritical, transcritical and supercritical regions. The holo-spectral method is used to study the transient vibrations of the rotor. Because of the extreme sensitiveness of this technique, the authors claim that it can be applied to detect incipient cracks, i.e. even before actual cracks appear. Green and Casey (2003) present two theoretical analysis techniques. Using the global and local asymmetry models, they set about identifying the most suitable target characteristic for crack detection. The 2x component is shown to be the primary response component. Also, the 2x resonance speed is lowered due to a crack. This is especially useful during run-up or coast-down. Meng and Hanh (1994) consider time-dependent terms as external excitation forces and analyze, both theoretically and numerically, the approximate dynamic response of a cracked horizontal rotor. For each steady-state harmonic component, the forward and backward whirl amplitudes, the shape and orientation of the elliptical orbit and the amplitude and phase of the response signals are analyzed, taking into account the effect of crack size, crack location, rotor speed and imbalance. It is found that the crack causes backward whirl, the amplitude of which increases with the crack. The influence of the crack on the synchronous response of the system can be regarded as an additional imbalance. Depending on the speed and the crack location, the response amplitude differs from that of the uncracked rotor. The nonsynchronous response provides evidence of crack in the subcritical range but it is too small to be detected in the supercritical range. Possibilities for crack detection over the full speed range include the additional average (the constant) response component, the backward whirl of the response, the ellipticity of the orbit, the angle between the major axis and the vertical axis and the phase angle difference between vertical and horizontal vibration signals. Chan and Lai (1995) discuss the FE-based simulation of a shaft with a transverse crack. They analyze the four possible cases: (i) uncracked symmetrical shaft; (ii) cracked symmetrical shaft; (iii) uncracked asymmetrical shaft; (iv) cracked asymmetrical shaft. They state that the response of (ii) is very similar to that of (iii). Both show resonance at half the value of the first critical speed. However, (ii) also shows resonance at third the critical speed which (iii) does not. Also, (ii) and (iv) differ in that at half the critical speed, the 2x vibrations are much larger than the 1x in the case of (iv). This can be used as a reliable indicator for detecting shaft cracks in symmetric rotors.
Most turbomachine rotors are supported on hydrodynamic bearings. Prabhu and Sekhar (1995) present a severity estimation criterion and crack growth monitoring method for cracked shafts in fluid film bearings. The peak dynamic pressure on the oil film is used as the target criterion. As crack depth increases, the dynamic pressure also increases. It is acknowledged that the peak pressure measurements are not the best indicators because of the difficulty involved in their estimations and also because of their relative insensitivity. Various bearings were tested and it was observed that the tilting pad bearings are least sensitive to increased dynamic pressure due to cracks while three-lobe bearings are the most sensitive. Guang and Gasch (1993) investigate the stability of a cracked rotor supported on two axial groove, four lobe and five tilting pad type journal bearings. It is found that, regardless of the bearing type used, the rotor is always unstable in a certain range of speeds. For large values of the gravity factor (a measure of elasticity of shaft) the stability depends on the stiffness ratio (along the strong and weak axes), while for smaller values it depends on the mass ratio (the ratio of lumped mass at the bearing to that at the center of the shaft). In this range, the shaft is not unstable due to the crack and its stability depends only on the bearing type and operating conditions.
Sekhar (2000) presents a unique crack detection methodology based on the measurement of the Q factor of a rotor during coast down. The Q factor is defined as the amplification factor of any selected frequency component as determined from the corresponding Bodé plot by the popular "half-power" method. Sekhar feels that this parameter, especially for the 2x component, is the most sensitive to shaft asymmetry (i.e. cracks) and sudden changes of the Q factor during coast-down are good indicators for cracks. Soeffker et al. (1993a) apply the theory of Lyapunov exponents for non-smooth dynamical systems for cracked shaft detection. Analysis reveals the presence of chaotic motion and strange attractors in the case of a cracked rotor. To detect a crack and establish a clear relation between shaft cracks in rotors and induced phenomena in shaft vibrations measured at bearings, a model-based method is applied. Based on a fictitious model of the time behavior of system non-linearities, a state observer of an extended dynamical system is designed to estimate them. The theory is extended in Soeffker et al. (1993b) . A new concept is presented, based on the theory of disturbance rejection control, and further extended for non-linear systems. Simulations have been carried out showing the theoretical success of this method, especially for reconstructing exciting forces as inner forces caused by the crack. Calculating the relative crack compliance as the ratio of additional compliance caused by the crack and undamaged compliance a clear relation between the opening and closing, and therefore for the existence of the crack, and also about the crack depth is possible. Theoretically, it has been shown that it is possible to detect a crack of a depth of 5% of the radius of the rotor corresponding to very small stiffness changes. Brandon (2000) presents a review of literature on non-linear vibrations of cracked structures. The assumption of linearity of cracked structures by many researchers results in inaccurate conclusions while oversimplification or case specific study is necessary in non-linear analysis for computational reasons. Structures with flaws exhibit a unique "forced-free" behavior because of the non-linearity that makes the detection of flaws easier. Among topics discussed in the paper are linear methods and their limitations, generation of models and assembling them for non-linear analysis. The latter aspect is of special importance because of the many subtleties involved in modeling a crack, e.g. the fact that the crack is "switching" in the case of a rotor while not in a beam, the impact closure of cracks, and the interaction between faces of closed cracks leading to an increase of effective stiffness. The paper also deals with crack detection methods based on non-linear vibrations, e.g. using the time history of signals, Poincaré plots, etc. In another paper, Roberts and Brandon (2003) present the application of transient, non-linear vibration signatures to distinguish between various possible causes of malfunction of turbomachinery. They attempt to apply the principle in diagnostics of a large hydro-generator. The occurrence of aliasing when sampling vibration data has prevented accurate differentiation between causes. This stresses the importance of proper data collection, the absence of which can lead to faulty conclusions. Subbiah et al. (2002) present an interesting paper, although not directly related to detecting shaft cracks. They talk about the effect of torsion on shaft cracks and crack growth rates. Almost all of the published work on cracks exclusively addresses the effect of bending moment on cracks. Subbiah et al. used axi-harmonic, eight-node elements available in commercial finite element analysis (FEA) software to model a transverse shaft crack. A frame-by-frame displacement and strain energy studies were conducted. The method developed can be applied to surface and subsurface cracks. They analyzed different cases with various crack lengths subjected to bending and torsion. Based on the study, they made the following observations: (a) transverse cracks primarily respond to bending, but can also respond to torsion depending on their position; (b) surface cracks have a greater and earlier effect than subsurface cracks.
Varè and Andrieux (2001) present a paper to better understand the behavior of cracked shafts. They state that most cases in the open literature pertain to oversimplified cases almost unsuitable for real-life application. Temperature and multicrack effects need three-dimensional, FE-based methods. They briefly mention that the most important things in the simulation of cracked shafts are the correct modeling of the local flexibility due to the crack and the "switching" effect due to shaft rotation (whereby the breathing characteristic is introduced). They attempt to develop a methodology to model and simulate cracks and implement it in the code ASTER developed by Electricité de France (EDF).
Modal Testing
Among the non-VBM methods available, modal testing is the most popular. Changes in system modal characteristics, such as changes in mode shapes and system natural frequencies, response to specially applied excitation (other than unbalance) etc. due to the presence of a crack, are employed for crack detection. Most modal methods need the rotor to be stationary while some require the rotor to be running at a fraction of its operating speed. A few others are true "online" methods and can be applied to rotors under normal loads and speeds. All the following methods were proposed after numerical or analytical studies on mathematical models and, in some cases, subsequent experimental verification on either test rigs or full-scale rotors is also carried out.
Several researchers have identified that a coupling mechanism exists between different types of vibrations, i.e. axial, radial and torsional, in cracked shafts. They recommend employing this phenomenon to identify cracks. Collins et al. (1991) investigate the excitation of a rotating, cracked shaft by single and periodic compressive axial impulses applied at one end. When periodic impulses were applied, it was observed that the vertical motion (perpendicular to the shaft axis) in non-cracked shafts decayed with time and the vibration spectrum had a single frequency component, Ω (where Ω is the rotational frequency and ω t is the frequency of application of the axial impulses). In the case of a cracked shaft, the vertical motion does not decay and the frequency spectra revealed, besides the exciting frequency (ω t ), additional (ω t -Ω) and (ω t + Ω) components. Gounaris and Papadopoulos (2002) present a method wherein radial excitations are applied at one end of a rotating cracked shaft and the axial displacements are measured at the other end. Theoretical analysis is carried out for a Timoshenko shaft with a transverse gaping crack, which is modeled using a local compliance matrix. Three sets of excitation frequencies and shaft rotational speeds are needed for each case. Special contour plots are developed theoretically for each rotor-bearing system. If the axial response is measured at each run, the axial location and depth of a crack can be determined graphically from the pre-developed contours. Dimarogonas and Papadopoulos (1988, 1992) and Dimarogonas (1989, 1990 ) have used a previously developed 6 × 6 flexibility matrix for a gaping transverse crack and identify coupling between bending, torsional and axial vibrations. Analysis is performed on a Timoshenko beam, with a gaping crack and hence no non-linearities were considered. Additionally, Papadopoulos and Dimarogonas (1989) also talk about the application of theory to detecting crack in a steam turbine rotor. Goldman and Muszynska (1992) deal with the observed response of a cracked rotor system to synchronous and asynchronous radial and torsional excitations. Torsional excitations are applied to a motor-driven experimental cracked rotor by means of a generator fed with varying excitation currents. Lateral excitations are applied by a constant force perturbator. The reduction of shaft system torsional stiffness (due to the crack) could be identified. Experimental results are compared to the analytical model consisting of a set of non-linear equations subjected to small-order perturbations. The following conclusions were made. Reverse components, if present in the shaft vibrations, can be safely ignored and only forward components need to be considered as they have a direct relation with the shaft crack. The effect of cracks on lateral and torsional mode shapes has been confirmed but not quantified. Ishida et al. (2001) present a theoretical study on the detection of cracks by exciting the rotor by sinusoidal asynchronous radial forces. The behavior of the cracked shaft has been approximated by both a piecewise linear model and a power series model. It is established that, if the shaft were cracked, the following additional resonances would be observed in the vibration spectrum:
± (Ω -ω t ) = (Ω + ω t ) = forward and backward resonance frequencies (Ω and ω t same as above). Iwatsubo et al. (1992) present an analytical, numerical and experimental treatment of the response of a cracked shaft to periodic exciting forces. Additionally, they also theoretically investigate the response to a radial impulse. A very good correlation is demonstrated between expected frequency components in the spectrum and observed components. In all the above papers, the speed of rotation of the shafts during excitation was kept low and also different from the system natural frequencies to minimize the effects of shaft unbalance. Sundermeyer and Weaver (1995) apply the weakly nonlinear characteristic of a cracked beam to determine the location, depth and opening load of a transverse crack. Their study is based on the simpler case of a single-degree-of-freedom system with a bilinear spring. Because of the non-linearity, when the system is excited by two harmonic forces of different frequencies, the response has an additional frequency component, equal to the difference between the frequencies of the two exciting forces. This component is especially high when the difference corresponds to a natural frequency of the beam. A parametric study is carried out to determine the effect of crack depth, location and static load on the crack signature. Once complete charts are developed from the parametric study, determining details becomes an inverse problem that can be solved. Prabhakar et al. (2001) present a FEM-based study on the influence of gaping and breathing cracks on the mechanical impedance of a rotor-bearing system. Impedance is defined as the ratio of the magnitude of an exciting force to the velocity response. An impulse is applied at various locations on a rotating shaft and the impedance is measured. It has been observed that the impedance at certain key frequencies reduces significantly with increase in crack depth. These key frequencies are the natural and rotor running frequencies. A breathing crack is more sensitive to impedance change than a gaping crack. Thus, Prabhakar et al. feel that systematic impedance measurement is an effective method of crack detection. Thibault et al. (1996) have patented a collar attachment that facilitates modal testing of large shafts. Radial, torsional, and other exciters can be mounted on the collar. They can be fixed at any angular position without turning the massive shaft. The same can be done with vibration measurement transducers.
The remaining papers and patents deal with the effect of cracks on rotor natural frequencies and mode shapes. Goldman et al. (1996) examine the synchronous response of a cracked multimodal rotor during transient processes such as start-ups or shutdowns. A transverse crack on the rotor is treated as a structural singularity. Additional local flexibility and mass reduction are added at the crack location. The synchronous component of the modified rotor lateral response is investigated from the mode shape standpoint. Results are formulated as suggestions for improvements in vibrational diagnostics strategy. Hamidi et al. (1992) have developed two mathematical models to study the changes in the natural frequencies due to changes in the rotor structural parameters. Transverse cracks are modeled as a local flexibility in the shaft. Mathematical models of stationary beams are verified experimentally and extended to analyze rotating beams. Based on the study, they conclude that the rate of change of natural frequency becomes rapid when crack depth exceeds about 30% of the shaft radius. It is also verified that the change in natural frequency does not depend on the speed of rotation in case of rotating beams. Torres (1996) describes a similar torsional vibration based approach towards crack detection. Torsional natural frequencies of a motor driven system (pump, compressor) are determined by measuring the three-phase current drawn by the motor. The observed frequencies are then compared to a table of natural frequencies for various crack locations and depths obtained by an exhaustive FE study of the system. Lee and Kwon (2000) apply directional frequency response function (dFRF) testing to detect asymmetry or angle dependency in shaft stiffness. This method, although better suited for symmetric rotors, can be applied with some modification to originally asymmetric rotors. The magnitude and phase of the dFRF indicates the severity and circumferential location of a crack. This method can be performed online and uses only one exciter and one sensor. Lees (2000) discusses general vibration-based detection methods and several case studies in one paper. In addition to shaft cracks, a variety of other common malfunctions such as rubs, shaft bending, misalignment and imbalance are discussed. The dynamics of a horizontally mounted, asymmetric shaft with a transverse crack are discussed in another paper by Lees and Friswell (1999) . The study is of practical importance as many machines, such as two-pole turbo-generators, etc., have inherently asymmetric rotors and still need to be diagnosed for cracks. Simulations are performed for the response of this structure for free-free and pinned modes. It is shown that, as the orientation of the rotor is varied, complicated patterns (of responses) emerge due to the opening and closing of the crack. This is due to the rotation of the shaft's principal axes. It is shown how this may be successfully modeled to establish a consistent representation of crack behavior. This model is then used to locate the crack and to give an estimate of its magnitude and dynamic behavior. Munoz et al. (1997) present an off-line method for crack detection. Modal test are to be carried out on a free-free supported rotor and any unexpected change in rotor normal frequencies as measured at different angles indicates the presence of cracks. Munoz et al. claim that this method can be applied to detect cracks of areas greater than 2.5% of the rotor cross-sectional area. Tsai and Wang (1996) have developed a method which monitors the change in the natural frequencies and the mode shapes of a cracked shaft and thereby helps determine the size and location of the crack. Yen and Herman Shen (1997) investigate the effect of a transverse crack on the torsional vibration of shafts. A generalized variational principle is used to formulate the equations of motion and associated boundary conditions for the free vibration of a non-rotating cracked shaft. The natural response of the free-free shaft is then calculated through a Galerkin procedure. The results indicate a clear change in the natural frequencies of the cracked nonrotating shaft as compared to a non-cracked shaft. Zakhezin and Malysheva (2001) discuss a FE-based crack detection scheme. The rotor is carefully modeled to include system damping, etc., and the system natural frequencies are calcu-lated. A simple rotor with and without cracks of varying depth and location was taken as an example. Over 600 eigenvectors and eigenvalues have been computed up to a frequency of 1100 Hz for the various models (with and without cracks). The modal contribution of each eigenvalue has been evaluated for stresses in elements of the model. The modes with highest stresses have been selected as the target modes for observation and comparisons. Modal tests are carried out on the actual rotor and the previously identified modes are monitored for changes. The popularity of the above methods can be judged from the large number of patents. Miller et al. (1990 Miller et al. ( , 1992 and Brook et al. (1991) describe crack detection methods that observe changes in natural frequencies, mode shapes, etc. Rajab et al. (1991) describe a method of detecting cracks using changes in natural frequencies. At least the lowest three bending natural frequencies need to be measured. A mathematical model of a cracked shaft has been developed using J-integral concepts. Detailed curves can be prepared from analytical results for changes in natural frequency for crack location and crack depth. Maynard et al. (2001) state that changes in lateral natural frequencies cannot be a reliable indicator because they can easily be affected by factors unrelated to cracks, such as seal ring locking, rubs, stiffness change in bearing, etc. Torsional natural frequencies, on the other hand, are not so easily affected. They can also be calculated quite accurately due to almost no damping and simpler theoretical considerations. Maynard et al. demonstrate the feasibility of using changes in torsional natural frequencies as indicators of shaft cracks. They also describe the transducer/instrumentation setup and steps to avoid common errors due to faulty instrumentation, etc.
Non-Traditional Methods
In this section we review papers dealing with non-traditional methods of shaft crack detection, such as neural networks, fuzzy logic, borescope inspection and sophisticated signal processing techniques, e.g. wavelet and Wigner-Ville transforms, etc. Papers on automated and expert systems based crack detection are also reviewed here.
Two papers deal with the rather intriguing problem of estimating the re-inspection time for large turbine rotors. Rosard et al. (1994) present an on-line crack monitoring system installed in a utility steam turbine. The system continuously measures the steam parameters at the inlet and the outlet of the high-pressure cylinder. A FE-based program then computes rotor temperatures, thermal and mechanical properties of the rotor material, and thence the operating stresses and corresponding crack growth rates for various points on the rotor. Information regarding previously detected cracks can be input to the program, which then predicts the safe operating period for any given operating conditions and also the duration before another exhaustive borescope inspection is necessary. Brose and Jirinec (1992) calculate the re-inspection time based on the crack sensitivity and growth rate observed in a test piece of identical material as the rotor. Both creep induced and fatigue induced cracks were studied. The linear elastic fracture mechanics model was used for fatigue cracks, while the creep cracks were evaluated using the C t parameter (a far-field creep fracture parameter based on the stress power release rate) methodology. Based on the study, it was decided that creep was the predominant mechanism over fatigue for crack growth and the re-inspection time of a 30-year-old turbine rotor was proposed as six years. Adewusi and Al-Bedoor (2002) apply neural networks for crack detection. Experimental vibration signals of rotors with and without a propagating crack are used to train multilayer, feedforward neural networks using a back-propagation algorithm. It is claimed that a two-neuron network could detect a propagating crack while a three-neuron network could detect both propagating as well as non-propagating cracks. Dirr and Schmalhorst (1988) conducted fatigue bending experiments on a stationary cracked shaft. Fatigue beach marks so formed were used to measure the crack depth and the actual shape of the cracked cross-section. These results are compared with those obtained using the DC-potential method applied to the same cracked crosssection. A FE model for the cracked region of the rotor is created using three-dimensional 20-node elements. Shaft models of different sizes and geometries can then be constructed and correlations can be made between the measured DC potential and crack depth. Zhao and Luo (1989) discuss yet another interesting method for detecting cracks. A pair of diametrically opposed eddy-current probes is used to pick up the shaft displacements at a particular location. The signals of the two probes are then vectorially added. This removes the contribution of the shaft vibration. The sum is then converted to the frequency domain. In the case of uncracked shafts, the output after addition is zero. On the other hand, it is non-zero in the case of cracked shafts due to the extra-vibratory nature of shaft displacements. Thus, cracks can be detected by moving a pair of probes along the entire length of the rotor. Shiohata et al. (1987) patented a crack detection method based on the fact that vibration signals are essentially symmetrical when the machine is under steady operation. The shaft vibrations (in the vertical direction) at each bearing are continuously recorded and digitized. The area of the upper half (positive) for each cycle of the signal is divided by the area of the lower half (negative). Area ratios close to unity indicate the absence of cracks or a non-propagating crack. In the case of a propagating crack, the area ratios are greater than 1.06. Imam et al. (1989) discuss the development of an automatic on-line crack detection system based on vibration histograms. The primary aim is the detection of cracks when they are less than 1% of the shaft diameter. It is stated that, for very small cracks, the changes in 2x magnitude and phase are more than any other component. Steady-state, start-up and run-down and temperature transition cases are continuously monitored. The rate of change of 2x vibration and phase is used to distinguish this from misalignment based vibrations (see Muszynska, 1989) . The patent by Imam et al. (1993) demonstrates the application of this method. Carlson et al. (1988) employ a similar philosophy to Imam et al. (1989) , but have extended the system to identify rubs, shaft bows, misalignment and assembly problems. Herbert (1987) describes a method for post-analysis of coast-down vibration data similar to Imam et al. (1989) . He states that coast-down data are more informative than steady-state data at any single speed. He also proves mathematically that a steadily increasing trend of 2x and 3x components can be used to automatically detect cracked shafts. Zhao and Luo (1992) present a self-learning, fuzzy logic based expert system for crack identification. Diagnosis is based on the unique vibration behavior of cracked shafts. Fuzzy logic has a set of rules for deciding whether a high vibration condition is due to cracks or other reasons such as imbalance and misalignment. It also receives information from the self-learning loop every time its decisions are overruled by a human diagnostician. Thus, over a period of time, the system is fully adapted to a particular machine's behavior and past history. Rieger and El-Shafei (1996) present an overview of the available technologies for automated fault diagnosis of critical equipment. Four commonly used technologies are compared: statistical data based condition evaluation, spectral analysis, diagnostics using parametric models and non-parametric model based (fuzzy logic, neural networks, genetic algorithms) diagnostics. It is shown how each method is better suited for a different set of malfunctions. Rieger and El-Shafei are of the opinion that a truly automatic system should distinguish between condition monitoring and fault diagnostics. A future complete system would employ a combination of some or all of the four currently used techniques. He et al. (2001) treat crack detection in rotating shafts as an inverse problem and, based on genetic algorithms, a rotor crack detection strategy is proposed. The rotor crack detection scheme is then formulated as an optimization problem by means of the FEM and genetic algorithms are utilized to search for the solution. Sekhar (2004) uses the continuous wavelet transform (CWT) to extract sub-harmonics from the coast-down time domain vibration signal from journal locations of cracked rotors on fluid film bearings. Wavelet time-frequency analysis is a recent transformation technique developed for analyzing non-stationary time domain signals. Characteristic sub-harmonic peaks, which cannot be detected by normal fast Fourier transform (FFT) due to the non-stationary nature of the signals, can be detected by CWT. The CWT of a time-varying function f(t) is defined as the sum over all time of the signal multiplied by the scaled shifted versions of the wavelet function (ψ). Mathematically it is expressed as follows:
The Morlet mother wave has been chosen for the present application. The coast-down CWT of a rotor stopped from the supercritical range can clearly show sub-harmonics and can give away the presence of a crack. Zuo et al. (2002) also employ CWT for crack detection. They use the hinge model of a crack and numerically simulate the behavior of a cracked shaft. A dynamic algorithm is developed to detect cracked shafts from the sampled vibration data. According to Zuo et al., the correct sampling frequency is critical for accurate transforms. They suggest a sampling frequency range of 32-64 times the shaft running speed. The CWT of the uncracked or accurately modeled mathematical rotor is continuously compared with the CWT of the running rotor. The paper outlines the several differences between the two, which can be applied for crack detection. Feldman and Seibold (1998) use the Hilbert transform (HT) to detect non-linearities from the measured vibration of a rotor. The HT converts the signal into a slowly-varying envelope type signal and a phase angle. Basic vibration data, such as stiffness, system damping, etc., can be deduced from this. Identification algorithms, based on the extended Kalman filter (EKF) and the instrumental variables method can then be applied to the transformed data to detect cracks. The EKF is a time domain identification algorithm and and Seibold and Weinert (1996) show that the depth of the crack can be calculated correctly, even if the measurement information is incomplete. The localization is performed by designing a bank of EKFs, in which each filter is tuned to a different damage hypothesis, i.e. in this case the specific crack location. By calculating the probabilities of the different hypotheses, the crack can be localized and its depth can be determined. The procedure is applied to a simulated rotor and also to a rotor test rig. The dynamic equation of transient response in a cracked rotor is modeled, and is based on the simple hinge crack model. The numerical simulation solutions of the uncracked rotor and the cracked rotor are obtained from the model. Zou et al. (2003) use the Wigner-Ville transformation, which is yet another tool to analyze non-stationary, non-linear systems. They model a cracked Jeffcott rotor and numerically obtain the response. The time-frequency features of the cracked rotor and the uncracked rotor are compared, and a new algorithm is proposed using the Wigner-Ville distribution to identify the cracked rotor. Upon transformation from the time domain to the time and frequency domain, the sub-harmonic content is clearly visible. By simulation research, the sensitivity of the Wigner-Ville distribution to the stiffness variation is investigated, and the influence of the unbalance and the inhabiting angle on the time-frequency feature is discussed.
Conclusion
A comprehensive review of various crack detection techniques presented in the past decade has been attempted. It can be seen that the area of crack detection is active and continuously evolving. Newer techniques are emerging as further insight is gained in the fields of fracture mechanics, simulation and condition monitoring. The future points to a flexible, multidisciplinary and robust detection methodology for different types of rotors. This will go a long way to increasing the overall reliability and safety of rotating machinery in general.
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